Molecular dynamics (MD) has been used to identify the relative distribution of dysprosium in the phosphate glass DyAl 0.30 P 3.05 O 9.62 . The MD model has been compared directly with experimental data obtained from neutron diffraction to enable a detailed comparison beyond the total structure factor level. The MD simulation gives Dy · · · Dy correlations at 3.80(5) and 6.40(5)Å with relative coordination numbers of 0.8(1) and 7.3(5), thus providing evidence of minority rare-earth clustering within these glasses. The nearest neighbour Dy-O peak occurs at 2.30Å with each Dy atom having on average 5.8 nearest neighbour oxygen atoms. The MD simulation is consistent with the phosphate network model based on interlinked PO 4 tetrahedra where the addition of network modifiers Dy 3+ depolymerizes the phosphate network through the breakage of P-(O)-P bonds whilst leaving the tetrahedral units intact. The role of aluminium within the network has been taken into explicit account, and Al is found to be predominantly (78%) tetrahedrally coordinated. In fact all four Al bonds are found to be to P (via an oxygen atom) with negligible amounts of Al-O-Dy bonds present. This provides an important insight into the role of Al additives in improving the mechanical properties of these glasses.
Introduction
Rare-earth phosphate glasses are of great interest due to their many important magneto-optical [1] and opto-electronic properties [2] and their widespread application as lasing media [3] . The macroscopic properties of these materials, such as the high luminescence and long fluorescence lifetimes essential for lasing, are highly dependent upon the local environment and interactions of the rare-earth ions. Understanding and controlling these properties is reliant upon detailed structural information on the relative distribution of rare-earth ions and the local environment of the surrounding host. Consequently, there is considerable interest in the local structure of rare-earth phosphate glasses . However, due to the structural complexity of these glasses and their numerous overlapping correlation functions it is exceptionally difficult 1 Author to whom any correspondence should be addressed.
to measure and interpret experimental data unambiguously. Conventional x-ray and neutron diffraction techniques only provide a single measurement of the total structure factor, F(Q), given by
where c α and b α denote the atomic fraction and coherent scattering length for element α, S αβ (Q) is the partial structure factor and Q is the magnitude of the scattering vector. These functions of Q are referred to as reciprocal space data. The corresponding real-space data is obtained by Fourier transforming the reciprocal space data. The real-space neutron diffraction data takes the same form as equation (1), where the total pair correlation function, G(r ), is obtained by replacing S αβ (Q) with the partial pair distribution functions g αβ (r ) . A rare-earth phosphate glass containing Al, to improve mechanical properties and enable optical fibres to be drawn [31] , contains four elements and is therefore described by ten overlapping pair functions S αβ (Q) or g αβ (r ). Consequently, individual pairwise correlations in G(r ) cannot be unambiguously separated and real-space correlations can only be identified to ∼3Å, after which pairwise correlation functions will increasingly tend to overlap. Indeed, it is only within the last five years that detailed experimental information on the rare-earth environment and distribution has been provided by employing a range of challenging neutron diffraction experiments including isomorphic substitution [17, 18] , anomalous dispersion [25, 26] and a magnetic difference neutron diffraction method [23] .
The lack of detailed experimental information for comparison with and validation of computer simulations has severely hampered progress in this field; to date there has only been one reported molecular dynamics model of a rare-earth phosphate glass [24] .
The present work uses MD simulations to model the structure of a dysprosium alumino-phosphate glass, DyAl 0.30 P 3.05 O 9.62 . The composition has been selected due to the large amount of experimental information [17, 18] readily available to compare with and validate the MD model. Generally, MD models are validated by comparing a single MD model with a single total diffraction pattern. However, even when there is good overall agreement between the MD model and total correlations from experimental data it is not usually possible separately to compare selected correlations between MD models and experiment. The experimental work, which employed the method of isomorphic substitution, enabled selected correlations such as the rare-earth-matrix terms (matrix = P, O and Al), the matrix-matrix terms and the rareearth-rare-earth correlation to be deconvolved from the total structure factor. This detailed experimental data allows a much more rigorous validation of the model and comparison with experimental data beyond the total structure factor level. Full details on the method of isomorphic substitution in neutron diffraction are given by Martin et al [17, 18] . In essence the technique relies upon measuring samples that may reasonably be regarded as structurally identical and which differ only in their coherent neutron scattering length. Total structure factors with different scattering lengths are then combined to eliminate selected correlations and thereby reduce the effective complexity of the system. In the experimental work Dy 3+ and Ho 3+ were selected since they have comparable ionic radii [32] and Pettifor chemical parameters [33] , and share a similar structural chemistry [34] .
For the particular dysprosium alumino-phosphate glass of interest in the present study, which contains ten partial structure factors, it is clearly evident that the large number of individual overlapping correlations cannot be justified by a single agreement between experimentally derived data and a MD model. The total diffraction pattern for DyAl 0.30 P 3.05 O 9.62 , is dominated by the P-O and O · · · O correlations and thus one may argue that a comparison between total structure factors provides little more than an insight into the host phosphate network. It is, however, the weaker and/or obscured R-O and R · · · R correlations that are of greatest significance. The relative contributions to the total structure factor is given in table 1; the P-O and O · · · O correlations account for 62% of the total structure factor whilst the Dy-O, Dy · · · P and Dy · · · Dy correlation account for only 23%, 6% and 3% respectively. Isolating the Dy-matrix terms to form a function containing only Dy-O, Dy · · · P and Dy · · · Al correlations increases the relative Dy-O contribution to 77% and the Dy · · · P correlation to 22%. By definition the rareearth-rare-earth term contains 100% Dy · · · Dy correlations. These difference functions therefore enable much more rigorous comparisons of the molecular dynamic model with experimental data for the Dy-O and Dy · · · Dy correlations.
This study presents only the second ever MD model of a rare-earth phosphate glass and is the first MD simulation to include aluminium ions, thus increasing the complexity from three to four elements. The number of atoms in the model has also been doubled compared to the earlier study [24] to compensate for the low concentration of Al and to reduce the edge effects of the simulation box.
Molecular dynamics method
P-O, Dy-O, Al-O and O · · · O interactions were described using rigid ion potentials, as this allows the large number of time-steps necessary for modelling glasses. The parameters were taken from those derived by Teter [36] , which have proven effective for modelling phosphate [24] , silicate [37] and aluminate [38] glasses. The potentials have the form
where V αβ (r ) is the potential, α and β are element types, r is inter-atomic distance, q is the effective charge, and A αβ , ρ αβ and C αβ are potential parameters (with ε 0 = 8.854
The potential parameters are shown in table 2. In addition, potential parameters for O-P-O and P-O-P bond bending interactions were taken from [24] , and have the form
where β is the element type of the central atom, k αβα = 3.5 eV and αβα = 109.47
• for O-P-O, and k αβα = 3.0 eV and αβα = 135.5
• for P-O-P. Table 2 . Two-body potential parameters used in this study [36] . MD was used to obtain a model of the atomic structure of glassy DyAl 0.3 P 3.05 O 9.62 in order to compare with the detailed experimental neutron diffraction results from the same glass [17, 18] . The model has a total of 2600 atoms (186 Dy, 56 Al, 570 P and 1788 O) in a cubic box with a length of 33.1Å, the box size corresponds to a number density of 0.0715 atomsÅ −3 , as determined experimentally [17, 18] . A random starting configuration and periodic boundary conditions were used. MD modelling used the DLPOLY program [39] with time-steps of 1 fs. A Berendsen N V T algorithm was used with a relaxation time of 2 ps. A short range cut-off of 10Å was used for all except the Coulomb potential, and the Coulomb potential was calculated using the Ewald method with a precision of 10 −5 . The modelling used six stages. The first three stages were temperature baths of 80 000 time-steps (with equilibration) at 6000, 3000, and 1500 K. (A trajectory of 80 000 time-steps at 6000 K is sufficient to allow diffusion over the box length. During the first three stages the simulation box size is expanded by factors of 1.03, 1.015 and 1.005 respectively to allow for thermal expansion.) The fourth stage was a temperature quench of 60 000 time-steps (with equilibration) from 1500 to 300 K, i.e. a quench rate of 10 13 K s −1 . Due to constraints on computing time, all MD studies of glasses use quench rates that are several orders of magnitude higher than in experiments. However this quench rate is typical in MD studies of glasses, e.g. in [24, [37] [38] [39] . The final two stages were temperature baths of 80 000 time-steps at 300 K (the first with equilibration and the second without equilibration). During the final stage, structural parameters were sampled (every 200 time-steps) to include disorder due to thermal vibrations, which is present in the experimental results. Figure 1 shows an image of the MD model of DyAl 0.3 P 3.05 O 9.62 glass, the tetrahedral PO 4 network is clearly evident. Figure 2 shows selected partial radial distribution functions T αβ (r ) obtained from the MD model, where T αβ (r ) = 4πrρg αβ (r ) and ρ is the atomic number density. The real-space correlations are described in terms of average separation, r αβ , and the mean coordination number of β around α is denoted byn β α . The first peak in T PO (r ) at ∼1.5Å represents P-O nearest neighbours. The oxygen atoms have either two bonds to P and form part of the tetrahedral network, these oxygen atoms being called bridging oxygen (denoted O B ), or have one bond to P and therefore take no part in the tetrahedral network, these oxygen atoms being called terminal oxygen (denoted O T ) (these are also sometimes referred to as non-bridging oxygen atoms). The MD model gives 29% of O B and 71% of O T . According to figure 2 shows that P-O T bonds are shorter than P-O B bonds, as expected. In the model, these bonds differ by 0.06(1)Å. The P-O splitting could not be resolved experimentally but was estimated to be ∼0.10(1)Å [17, 18] . The model has 98.6% P with four-fold coordination. The remaining 1.4% of P have five-fold coordination, and this should be considered as a defect arising from slight inaccuracy in the potentials. This compares with 3.6% of five-fold P reported in the TbP 3 O 9 MD simulation [24] , this reduction in defects suggests the Dy-O potential parameters are slightly better defined than the Tb-O potentials. T OO (r ) has a first peak at 2.5Å due to O-P-O configurations (a very small feature at 2.2Å occurs due to five-fold coordinated P defects). Figure 3 shows that the average O-P-O bond angle is tetrahedral, i.e. 109
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• (a very small feature at 85
• occurs due to five-fold coordinated P defects). The inset of figure 3 T PP (r ) has a narrow first peak at ∼3.0Å representing P · · · P nearest neighbours in the phosphate network, and figure 3 shows that P-O-P bond angles are peaked at around 150
• . The connectivity of the phosphate network can be described by the Q n distribution (each P is classified as Q n , where n is equal to the number of O B ), and there is a majority of Q 2 groups (42%) but also significant amounts of Q 1 (32%) and Q 3 (18%) groups, with an average of n = 1.8 (the remainder of Q n groups are Q 0 (6%) and Q 4 ). This average n is slightly high compared to the expected average of n = 1.7 for the modelled composition due to five-fold coordinated P defects.
The first peak in T AlO (r ) at 1.8Å represents Al-O nearest neighbours. The majority of Al has four-fold coordination (79%) with the remaining five-fold coordination (20%) and six-fold (1%), giving an averagen figure 3 represents AlO T polyhedra, and is centred at ∼100
• , due to the influence of some five coordinated Al. The O T -Dy-O T bond angle shown in figure 3 represents DyO T polyhedra, and is peaked at ∼80
• with a shoulder at larger angles extending to 180
• , as expected for distorted octahedral coordination. The first peak in T AlP (r ) at 3.2Å represents Al · · · P nearest neighbours andn P Al = 4.2. Sincē n P Al =n O Al = 4.2 it is evident that each oxygen atom connected to an aluminium atom is also connect to a phosphorus atom; note this is in contrast to phosphorus atoms which on average have slightly less than half of the oxygen atoms connected to a second phosphorus atom. The Al is therefore found to enter the network in a tetrahedral environment, as does phosphorus, but Al has a Q n speciation of 4, which is much higher than the Q n speciation of phosphorus. The first peak in T PDy (r ) at ∼3.7Å represents P · · · Dy nearest neighbours withn Dy P = 1.7. The main feature in T AlDy (r ) is at ∼5.5Å with a small peak at ∼3.5Å. The small number ofn Dy Al ∼ 0.4 at 3.5Å infers that Dy does not preferentially bond with oxygen atoms connected to aluminium atoms. This is consistent with all Al preferentially bonding via oxygen to phosphorus with no additional Al available to bond with Dy. Again this shows the different behaviour of Al compared to phosphorus. The Dy · · · Dy correlations show a small peak around 3.5-4Å followed by a larger, broad peak around 6Å. The former arises due to sharing of O T , i.e. Dy-O T -Dy configurations, or corner-sharing TbO T polyhedra.
Only one set of experimental results has been reported for DyAl 0.3 P 3.05 O 9.62 , the present model will therefore be compared in detail with these results [17, 18] . Given the isomorphic nature of these materials the MD results will also be compared, where appropriate, with other rare-earth phosphates such as yttrium and terbium which are also believed to be iso-structural. To enable a direct comparison of the MD model with experimental data the real-space correlations obtained from the MD model were Fourier transformed into reciprocal space and scaled by the weighting factors c α b α c β b β to form the total structure factor Dy F(Q), see figure 4 . The coherent scattering lengths are 16.02, 3.449, 5.13 and 5.803 fm for Dy, Al, P and O, respectively [17, 18, 35] . The experimental data for Dy F(Q) is also shown in figure 4 for comparison.
The method of isomorphic substitution employed during the experimental work also enabled certain correlations to be separated from the measured total structure factor Dy F(Q) (see [17, 18] ). Specifically, those correlation that only involve (i) the R-matrix atom correlations, Rμ (Q), (ii) the matrixmatrix atom correlations, μμ (Q), and (iii) the R-R atom correlation, S RR (Q), were isolated. R represents the rare-earth ion and μ (or μ ) denotes Al, P or O. The R-matrix atom correlations, Rμ (Q), is given by
where δ represents an effective coherent scattering length of the rare-earth ions, in this case δ R = b Dy -b Ho (8.01 ). The matrixmatrix correlations μμ (Q) is given by The reciprocal space data Dy F(Q), Rμ (Q) and μμ (Q) obtained from the MD models and using equations (4), and (5) respectively are shown in figure 4 together with experimental data obtained by Martin et al [17, 18] . The corresponding realspace data, obtained by Fourier transforming (FT) the data in figure 4 , are shown in figure 5 . The MD correlations are not broadened by instrumental effects such as a limited Q range. To enable a direct comparison with experimental data the MD data was truncated at Q max = 15.65Å −1 , and a Hanning window function applied to the total structure factor, Dy F(Q), and the matrix-matrix correlation, μμ (Q), prior to Fourier transforming into real space. Figures 6 and 7 show the real and reciprocal space data for S DyDy (Q) from the MD model together with the experimental S RR (Q) of Martin et al [17, 18] and the experimental S TbTb (Q) of Cole et al [23] . The data has been scaled to overlay, this scaling represents the difference in the coherent scattering factors used to obtain the S RR (Q) functions. In the present MD model b Dy = 16.02 fm whilst the S TbTb (Q) function was obtained from the magnetic form factor which is not well defined and only relative values could be obtained [23] , and the experimental isomorphic work uses a combination of scaled b coh (Dy) and b coh (Ho) [17, 18] . The MD model shows the main Dy · · · Dy correlation is a broad asymmetric feature at 
Discussion
The results obtained from the MD model are in good overall agreement with experimental data. The glass structure is dominated by PO 4 tetrahedra as shown in figure 1 . The tetrahedra network is consistent with phosphate models based [27] . The r AlO distance is also in close agreement with tetrahedral coordinated Al-O found in other glass systems [40] . Furthermore, octahedral coordinated Al with a distance r AlO = 1.88Å gives an O-(Al)-O nearest neighbour separation of √ 2r AlO = 2.66Å, whereas tetrahedral coordinated Al at a distance r AlO = 1:88Å gives an O-(Al)-O nearest neighbour separation of √ 8/3r AlO = 2.87Å; and the O · · · O correlation is a minimum at 2.66Å. The large Al-O uncertainty in the initial experimental neutron diffraction data is primarily attributed to the large error associated with measuring a relatively small feature that is masked by large overlapping P-O correlations; see figure 2(c) of [18] . The P-O weighting factor (c P c O b P b O ) is over 15 times greater than the Al-O weighing factor for these glasses which, when coupled with the broadening effect of truncating Q max at 15.65Å −1 , makes it difficult to resolve clearly the Al-O correlation.
Al is found to enter the network in a tetrahedral environment, Al is also found to have a Q n speciation of four where each Al-O bond is also connected to a phosphorus atom. This is consistent with the entire Al being preferentially bonding via oxygen to phosphorus with no additional Al available to bond with Dy. Al is added to the glass to improve mechanical properties and enable fibre-drawing, and it seems reasonable to attribute these improved properties to the strong preference for Al to bond via oxygen to four phosphorus. [17, 18] . Although a more recent discussion of those experimental values included the statement that an overalln O R of 6.0 would be plausible [27] . The first R-O peak position at 2.30Å is in agreement with experimental data. There is no evidence of the experimentally observed second R-O feature at ∼2.67Å in the MD model, although the model's R-O peak has a shoulder extending up to 3.0Å. A second R-O peak in the region 2.5-3.5Å is not expected on the basis of crystalline rare-earth phosphates. For c-ErP 3 O 9 the shortest R-O distance is 2.17Å and the second nearest neighbour is 3.83Å [41] . The corresponding distances are 2. [23] for a rare-earth alumino-phosphate (R = Tb, which is also believed to be isostructural with Dy) where the main feature in the R · · · R correlation was at distance of 6.4Å with a smaller feature identified at 3.9Å. The previous MD study of Tb metaphosphate glass showed an R · · · R correlation with a small peak around 3.9Å withn Tb Tb = 0.9 and a larger peak around 6.1Å withn Tb Tb = 7.7 [24] . Recent work by Hoppe using reverse Monte Carlo modelling of Er meta-phosphate glass [30] also showed an R · · · R correlation with main feature at 6.2Å havingn R R = 7.14 and a second smaller feature at 4.3Å havingn R R = 0.8.
Conclusions
This work presents only the second MD simulation for a rareearth phosphate glass, the first MD simulation to include the effect of aluminium (thereby also increasing the complexity from 6 to 10 partial structure factors) and is also the first model of a specific empirical composition instead of the nominal meta-phosphate composition (RP 3 O 9 ). The model therefore enabled a direct comparison with experimental data without the need to allow for compositional variations.
A total of 18 potential parameters were used to model the short/intermediate range order in glassy DyAl 0.30 P 3.05 O 9.62 . The molecular dynamic simulation was compared with detailed experimental data, including the total structure factor Dy F(Q), R-matrix function Rμ (Q), matrix-matrix correlation μμ (Q) and the R-R correlation S RR (Q) to enable a strong validation of the model. The MD model is in good overall agreement with experimental results for nearest neighbour distances and coordination numbers. The main difference was in the coordination of Al, which was the most difficult to identify experimentally, but the MD model has shown that Al preferentially adopts tetrahedral coordination, linked to four phosphorus. This simulation provides an excellent starting point from which further models can be developed for materials with lower, optical level, concentrations of R 3+ (which cannot be measured using conventional diffraction techniques due to the small weighting factors). This will thereby enable models to be developed for realistic, dopant level, concentrations found in lasers and other optical devices.
